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Julie Sheffield-Parker, 31 Alexandre Simionovici, 13 Ilona Sitnitsky, 1 Christopher J. Snead, 15 Frank J. Stadermann, 14 Thomas Stephan, 23 Rhonda M. Stroud, 32 Jean Susini, 2 Yoshio Suzuki, 33 Stephen R. Sutton, 22 Susan Taylor, 34 Nick Teslich, 4 D. Troadec, 24 Peter Tsou, 28 Akira Tsuchiyama, 35 Kentaro Uesugi, 33 Bart Vekemans, 20 Edward P. Vicenzi, 9 Laszlo Vincze, 36 Andrew J. Westphal, 15 Penelope Wozniakiewicz, 21 Ernst Zinner, 14 Michael E. Zolensky 19 We measured the elemental compositions of material from 23 particles in aerogel and from residue in seven craters in aluminum foil that was collected during passage of the Stardust spacecraft through the coma of comet 81P/Wild 2. These particles are chemically heterogeneous at the largest size scale analyzed (~180 ng). The mean elemental composition of this Wild 2 material is consistent with the CI meteorite composition, which is thought to represent the bulk composition of the solar system, for the elements Mg, Si, Mn, Fe, and Ni to 35%, and for Ca and Ti to 60%. The elements Cu, Zn, and Ga appear enriched in this Wild 2 material, which suggests that the CI meteorites may not represent the solar system composition for these moderately volatile minor elements. N ASA's Stardust spacecraft collected dust particles from comet 81P/Wild 2, at an encounter speed of~6.1 km/s, in silica aerogel capture cells and in impact craters (1) . Analytical results from the aerogel and foils were combined to provide a more comprehensive elemental analysis of the Wild 2 particles.
The impacts in aerogel produced elongated cavities called tracks. Wedges of aerogel, called keystones (2) , containing an entire track were extracted. The volume containing each track was analyzed by means of synchrotron-based x-ray microprobes (SXRMs), providing abundances for elements having an atomic number Z ≥ 16 (S). One track was subsequently split open, exposing the wall for time-of-flight-secondary ion mass spectrometry (TOF-SIMS) analysis, detecting lower-Z elements, particularly Mg and Al. Because Si and O are the major elements in silica aerogel, neither element could be determined in the comet material in tracks. The residues in craters were analyzed by scanning electron microscopy using energy-dispersive x-ray (SEM-EDX) analyses and TOF-SIMS, providing other element abundances, including Mg and Si.
The SXRMs produce intense, focused beams of x-rays that completely penetrate a keystone, exciting fluorescence (3). Elemental analysis was performed on keystones containing 23 tracks, which were selected to sample the diversity on the collector, by seven research groups with the use of six different SXRMs (4) . These tracks range in length from~250 mm to almost 10,000 mm and vary in shape from conical to bulbous. The Fe content of the tracks varies from~180 fg to 6.4 ng (table S3), comparable to the Fe in chondritic particles ranging from~1 to~30 mm in size. All 23 tracks were approximately normal to the aerogel surface, which was the arrival direction for particles collected from Wild 2 (1), whereas interplanetary particles, also collected, arrived over a wide range of orientations. Comets are thought to preserve dust from the early solar system, so we compared the Wild 2 dust to the elemental composition of the CI meteorites (CI) (5) because CI is thought to represent the nonvolatile composition of the solar system (6) .
A map of the K-alpha fluorescence intensity for Fe from a conical track, track 19, shows that the incident particle deposited Fe along much of the entry path (Fig. 1) , with only 3% of the total Fe contained in the terminal particle. The fraction of the total Fe detected in the terminal particle varies from track to track, ranging from almost 60% in one terminal particle to zero in two tracks having no detectable terminal particle. In most of the 23 tracks, most of the incident Fe mass is unevenly distributed along the track, indicating that the www.sciencemag.org SCIENCE VOL 314 15 DECEMBER 2006 particles are relatively weak. Their behavior during aerogel capture is most like that observed when grains from mechanically weak meteorites, such as Orgueil, are shot at high velocities into aerogel.
The spatial distributions of other elements in each track vary widely (4) . Nickel is deposited along the entire length of track 19 (Fig. 1) . The Ni/Fe ratio summed over the whole track is 0.041, which is within 50% of the CI ratio (0.058) (5). However, Ni/Fe is much lower (0.0062) in the terminal particle, demonstrating elemental heterogeneity. Zinc is concentrated along one edge of the track, with almost none detectable in the terminal particle, but~80% of the total Cr is in the terminal particle.
The terminal particle and the 19 most intense element hot spots along track 19 were analyzed individually, with the use of much longer acquisition times than at each pixel in the maps. Most element/ Fe ratios vary by more than two orders of magnitude from spot to spot along this track (Fig. 1) . A "wholetrack" composition for track 19 ( Fig. 1 ) was determined by adding the element abundances from these 20 analyses. The S/Fe, Cr/Fe, Mn/Fe, and Ni/Fe ratios are similar to the CI values, but the moderately volatile elements Cu, Zn, Ga, and Se are higher than CI, and Ca and Ge are lower.
The whole-track composition for track 19 differs significantly from the composition of the terminal particle ( Fig. 1) , with the moderately volatile elements being much lower in the terminal particle. Many terminal particles have elemental compositions that are consistent with their being dominated by a single mineral, generally olivine, pyroxene, or sulfide, a result confirmed by mineralogical examination of some extracted particles (7). Thus, terminal particle analysis provides limited information on the bulk elemental composition of Wild 2.
No single mineral found in terrestrial or extraterrestrial material has a CI composition. So, a CI composition indicates that the particle is a mixture of compositionally diverse grains. The high variability of the 20 spot analyses along track 19 ( Fig. 1 ) further indicates the particle was an aggregate of diverse grains. However, not all tracks demonstrate near-CI abundances (Fig. 2) .
We determined the mean composition of the comet material by summing the measured abundance of each element over all 23 tracks (Table  1 and Fig. 3 ). The aerogel contains trace quantities of virtually all stable elements (1), and several elements are found in hot spots ( fig. S1 ), complicating background subtraction (4).
The widespread distribution of compositionally diverse comet material and contamination along most tracks required the development of analytical strategies that provided the most comprehensive set of element analyses. Tracks were analyzed in different laboratories by means of two complementary methods. For some keystones, an entire fluorescence spectrum was collected, with the use of a long integration time, at each point in a raster scan over the whole track. Other keystones were analyzed by identifying "hot spots" in a quick scan and then dwelling for much longer times on these hot spots. The first technique provides more reliable data for elements in high abundance, whereas the second is more sensitive for trace elements. The mean, blank-corrected compositions obtained through the two techniques are very similar ( fig.  S6 ), indicating that any systematic differences between the two techniques are smaller than the statistical errors in each data set (4) .
Iron was detected in all 23 tracks; Ni in 22; S in 21; Ca, Cr, Mn, and Cu in 20; Zn in 17; Ga in 14; and Ti and Se in 9 (table S3). When an element was not detected, its concentration was recorded as zero in calculating the central value and lower limit on the mean. This technique underestimates the central value of the mean for low-abundance elements. It also underestimates the lower limit, leading to an overly conservative confidence interval (4 Maps of the Fe, Ni, Zn, and Cr fluorescence intensities were obtained with a step size of 3 mm per pixel and a dwell time of 0.5 s per pixel. The CI-and Fe-normalized element abundances for the terminal particle (TP) and the 19 mostintense element hot spots (letters B, C to N, P to U), whose positions are indicated on the Fe map, are plotted along with the whole-track average composition, determined by adding the element abundances from 19 spot analyses along the track and the analysis of the terminal particle. The horizontal line at 1 is the CI meteorite composition, which is thought to represent the mean solar system composition. Arrows indicate that all Ge analyses for these particles were upper limits.
CI-normalized whole-track element/Fe ratios ( Fig. 2) exhibit variations of more than two orders of magnitude from track to track. Thus, a reliable mean composition can only be determined by averaging many tracks.
There are four major sources of error in the mean composition of the particles that produced the tracks: (i) the precision and accuracy of the analyses, (ii) absorption corrections in the capture medium and the particles themselves, (iii) the extent to which the material analyzed is representative of all the material in the initial particle, and (iv) uncertainty resulting from averaging only a small number of samples having extremely diverse compositions.
The SXRM abundances are accurate to ±20% for the elements having Z ≥ 24 (Cr), and absorption corrections are small for elements having Z ≥ 20 (Ca) (4) . In no case can we be certain that we analyzed all the material from any incident particle. The extent to which vaporized material can be lost through the entry hole of a track has yet to be investigated. Vaporized material may also penetrate many track diameters through the aerogel, as observed for some organic matter in Wild 2 tracks (8) . In addition, the spot analysis used for nine of the tracks only analyzed material in these hot spots. Nonetheless, the largest uncertainty in the mean composition is likely to result from the high degree of compositional heterogeneity among the particles (4). This uncertainty was estimated by means of a Monte Carlo method that assumes the particle sizes and compositions of the 23 measured tracks are characteristic of the entire dust population hitting the collector and determines 1 SD (1s) and 2s confidence limits from the distributions of elements in ensembles randomly picked from the observed data set (4) .
Summing all 23 tracks, the Fe-normalized mean element abundances (Table 1) (Fig. 3) . Because Ge and Se were detected in only a few particles, their central values and lower limits may be underestimated (4). Sulfur is depleted, and Cu, Zn, and Ga are enriched (Table 1) .
One keystone, track 21, was dissected laterally to expose the track wall, and two slices were analyzed by TOF-SIMS (table S1). These analyses indicate that Mg/Fe, Al/Fe, Cr/Fe, and Mn/Fe are within 50% of CI (4) .
Analysis of impact residue, which is abundant in all large craters in the Al foils examined, provides element-to-Si ratios. These Al foils contain indigenous Fe inclusions, occasional Si-rich inclusions, and a wide range of trace elements, but unambiguous impact residue was easily located in craters by both SEM-EDX and TOF-SIMS.
To assess element loss during crater production, we fired a variety of projectiles into Al1100 foil, the type flown on Stardust, with impact velocities of~6 km/sec. In craters >50 mm in diameter, the loss of S, Na, Mg, Si, and Fe was small (9) (fig. S9) , so analysis of residue in large craters is expected to provide a good sample of the composition of Wild 2 dust. Seven craters, each having a diameter >50 mm, were characterized by means of SEM-EDX (table S2) .
The mass of each impacting particle, estimated through the crater-size calibration of Kearsley et al. (10) scaled by particle density appropriate for the mineralogy inferred from its chemical composition (4), ranges from 3 to 178 ng, with six having impactor masses of 17 ng or less (table S2) . Only Mg, Si, and Fe were detected in all seven craters, Cr in four, Na in three, and P, K, Mn, and Ni in only two. Confidence limits on the mean abundances were modeled with the use of the same Monte Carlo technique used for the track data.
The CI-and Si-normalized mean composition for elements detected in four or more craters (Table  2 ) is within 50% of CI for Mg, Ca, and Fe. Depletions in S, Ca, Cr, and Fe, relative to that of Si, are significant at the 2s confidence level (Fig.  4) . The S depletion is consistent with the results Fig. 2 . CI-and Fenormalized abundance for each element in each of the 23 whole tracks (circles) and in each of the seven crater residues (squares). The area of each data point is proportional to the cross section of an equant particle of equivalent mass. Because much larger masses were analyzed in the craters, there is a difference in the scale size of the two symbols by three orders of magnitude. There is a high degree of variability from track to track, with most elements varying by two orders of magnitude or more. Fig. 3 . CI-and Fe-normalized mean composition determined by summing the 23 whole-track analyses (squares) and by summing the same data set except for the particle having the highest Fe content (circles). One track contributed~30% of the total Fe, but its inclusion does not distort the mean composition, because the mean excluding this track does not differ significantly from the 23-track mean. The vertical bars show the 2s variation in the mean of a Monte Carlo simulation designed to assess the effect of this elemental diversity on the mean composition (4).
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from the tracks. Higher Ca and Cr were found in the tracks (Fig. 3) , but the 2s confidence limits overlap for both elements in the track and crater analyses. Elements with less than four measurements were not reported in Table 2 because confidence limits were difficult to determine with so few detections, but the mean values obtained were Mn = 1.2 × CI, K = 0.7 × CI, Na = 1.6 × CI, and Ni = 0.2 × CI. The residues in five of these craters were analyzed by TOF-SIMS (table S4) . Calibration shots of mineral standards into Al foil demonstrate good agreement for most elements between TOF-SIMS analyses of impact residue and SEM-EDX analyses of unshot projectile material, but Na and K are sometimes higher in the TOF-SIMS analyses ( fig.  S11 ). The Si-normalized mean abundances (Fig. 4) are consistent with CI for Mg, Ca, and Ni, but there are small depletions for Cr and Fe, which are consistent with the SEM-EDX results. Lithium, Na, and K are enriched. Most of the Na and K detected by TOF-SIMS was found in a single crater (table S4) , but SEM-EDX analysis of Na and K in residue in the same crater gives results that are an order of magnitude lower (table S2) . This difference may result from SEM-EDX measuring micrometers into the residue, predominately at the crater bottom, whereas TOF-SIMS only measures material sputtered from the surface, mainly from the crater lip (4). The TOF-SIMS analyses in two different orientations show significantly different Na and K abundances (table S4) , which suggests a very heterogeneous distribution, making it difficult to determine a mean abundance.
An SEM survey of the Al foils identified many smaller impact craters, generally <2 mm in diameter, corresponding to projectiles from~20 to~400 nm in diameter (10) . SEM-EDX analysis of residue in several hundred small craters identified compositional groups that are consistent with impacting particles composed of silicates, sulfides, and mixtures of silicate and sulfide (11) . However, the massfrequency distribution of impacting particles (11) indicates that most of the mass collected at Wild 2 is in larger projectiles, so the total mass of material in the small craters is inadequate to substantially alter the mean element abundances measured on tracks and larger craters.
Sulfur is depleted in both the tracks and craters. The statistical significance of this depletion is high. Sulfur is highly variable in chondritic meteorites. Of the major elements, S shows the most extreme variation, being lower by a factor of five in ordinary chondrites than in CI meteorites. However, for the tracks, low-energy S fluorescence x-rays are attenuated by a few micrometers of a high-density mineral (e.g., Fe-sulfide) or compacted aerogel. Because most keystones are~300 mm thick, a firstorder correction, which assumed that all the S is shielded by~150 mm of 20 mg/cm 3 of aerogel (1), would increase the abundance of S by no more than a factor of two, which does not provide consistency with CI at the 2s level. However, some S is finely distributed in compacted or melted aerogel (7), possibly large enough to attenuate S fluorescence, and micrometer-size sulfide grains attenuate the S fluorescence, so the full effect of attenuation cannot be assessed without a detailed knowledge of the shape or size of aerogel and sulfide grains along each track. Selenium abundance is well correlated with S in meteoritic minerals. Although we detected Se in only 9 tracks, the mean Se abundance is nearly CI. If S and Se are correlated in the Wild 2 particles and have similar behavior during capture, then S in the whole-track data may be underestimated.
The size at which the composition of an aggregate converges to the average composition is an indication of the grain size of the material. Finegrained, chondritic interplanetary dust particles (IDPs) of~10 mm size (12), aggregates typically containing >10 4 grains, generally show only a factor-of-two variation in major elements and less than a factor-offive variation in minor elements (13) . Primitive chondritic meteorites, which contain much larger grains, show much greater variation in composition in samples up to millimeters in size. Because the largest track and the largest crater each have a composition significantly different from the mean (Fig. 2) , Wild 2 dust is heterogeneous at the largest size scale of particle that we analyzed, showing greater compositional diversity than~10 mm IDPs.
Before the Stardust mission, the only direct measurement of the elemental composition of comet dust came from impact-ionization mass spectrometers on the Giotto and VEGA spacecraft (14) that analyzed dust from comet 1P/Halley in 1986. The impact-ionization yields are uncertain, but the mean abundances of major refractory elements in Halley dust are reported to be within a factor of two of CI (15) , although Fe, Cr, Mn, and Ni were depleted relative to Mg. These Halley results were based on the analysis of <1 ng of comet material.
The Wild 2 particles in the 23 keystones contaiñ 21 ng of Fe. Assuming the CI Fe content, the total mass of Wild 2 material in these tracks is~115 ng. The crater residue resulted from the impact of~215 ng of material (table S2) . Taken together, we analyzed material from >300 ng of Wild 2 dust, several orders of magnitude more material than was analyzed at comet Halley. Even so, only 10% of the Stardust aerogel cells and a comparable fraction of the Stardust Al foils have been examined thus far. Comprehensive elemental analysis of the remaining material should provide a better mean S content and decrease the uncertainty in other element abundances.
The composition data on Wild 2 particles are generally consistent with but greatly extend the measurements at comet Halley because of the larger sample mass that we analyzed, coupled with the ability to analyze this material with the use of highsensitivity instruments in state-of-the-art laboratories on Earth. The Wild 2 material appears depleted in S and Fe relative to Si and enriched in the moderately volatile minor elements Cu, Zn, and Ga as compared to CI. Both of these effects were previously reported in the fine-grained, anhydrous IDPs (16, 17) , some of which have inferred atmospheric entry speeds that suggest a cometary origin (18) . The CI meteorite element abundances are presumed to represent the solar nebula composition for nonvolatile elements because of the good agreement between CI abundances and the composition of the solar photosphere (6) . However, the abundances of Cu, Zn, and Ga are not well determined in the solar photosphere (6) , which suggests that the Wild 2 particles and the anhydrous IDPs may better reflect the composition of the solar nebula for these moderately volatile elements. Fig. 4 . CI-and Si-normalized average composition determined by summing the seven crater residue analyses (squares at Mg, S, Ca, Cr, and Fe) and by summing the same data set except for the largest crater (circles). The largest crater was produced by a particle having 82% of the total mass contributed by all seven particles, but the trend in the data is the same in both data sets, indicating that the mean composition is not significantly perturbed by the largest particle. TOF-SIMS results for five craters are also shown (large triangles at Li, Na, Mg, K, Ca, Sc, Cr, Fe, and Ni give the fivecrater mean whereas the smaller triangles give the mean excluding the largest crater). The vertical bars show the 2s statistical uncertainty (4).
T he nature of cometary solids is of fundamental importance to our understanding of the early solar nebula and protoplanetary history. Until now, we have had to study comets from afar using spectroscopy or settle for analyses of interplanetary dust particles (IDPs) of uncertain provenance. We report here mineralogical and petrographic analyses of particles derived directly from comet 81P/Wild 2.
All of the Wild 2 particles we have thus far examined have been modified in various ways by the capture process, in which cometary particles punched into the silica aerogel capture media, making various types of tracks and disaggregating into grains distributed along the tracks. All particles that may have been loose aggregates ("traveling sand piles") disaggregated into individual components, with the larger, denser components penetrating more deeply into the aerogel, making thin tracks with terminal grains (fig. S1 ). Individual grains experienced heating effects that produced results ranging from excellent grain preservation to melting (Fig. 1) ; such behavior was expected (1) (2) (3) . What is remarkable is the extreme variability of these modifications and the fact that unmodified and severely modified materials can be found within 1 mm of each other, requiring tremendous local temperature gradients. Fortunately, we have an internal gauge of impact collection heating. Fe-Ni sulfides are ubiquitous in the Wild 2 samples and are very sensitive indicators of heating, and accurate chemical analyses can reveal which have lost S and which have not (and are therefore stoichiometric) (Fig. 2) . Our surveys show that crystalline grains are found along the entire lengths of tracks, not just at track termini ( fig. S1 ).
There appears to be very limited contamination from the spacecraft in the aerogel. Potential problems with secondary impacts (cometary grains striking the spacecraft, ricocheting, and splashing onto the aerogel) failed to materialize (4).
We have harvested samples from 52 tracks and have obtained a substantial understanding of the mineralogy of 26 of these. These tracks were chosen at random from those of average length. Analyses have also been performed on impact residues in seven aluminum foil craters >50 mm in diameter and on over 200 craters <5 mm in diameter (5) . Crystalline materials are abundant in comet Wild 2 and many are coarse-grained relative to the submicrometer scales characteristic of many anhydrous IDPs and interstellar dust populations (6 In the seven large craters in aluminum foil that we examined, one contains only remnants of stoichiometric olivine, three are dominated by Mgwww.sciencemag.org SCIENCE VOL 314 15 DECEMBER 2006 
